Nano granular metallic iron (Fe) and titanium dioxide (TiO 2−δ ) were co-deposited on (100) lanthanum aluminate (LaAlO3) substrates in a low oxygen chamber pressure using a pulsed laser ablation deposition (PLD) technique. The co-deposition of Fe and TiO2 resulted in ≈ 10 nm metallic Fe spherical grains suspended within a TiO 2−δ matrix. The films show ferromagnetic behavior with a saturation magnetization of 3100 Gauss at room temperature. Our estimate of the saturation magnetization based on the size and distribution of the Fe spheres agreed well with the measured value. The film composite structure was characterized as p-type magnetic semiconductor at 300 K with a carrier density of the order of 10 22 /cm 3 . The hole carriers were excited at the interface between the nano granular Fe and TiO 2−δ matrix similar to holes excited in the metal/n-type semiconductor interface commonly observed in Metal-Oxide-Semiconductor (MOS) devices. From the large anomalous Hall effect directly observed in these films it follows that the holes at the interface were strongly spin polarized. Structure and magneto transport properties suggested that these PLD films have potential nano spintronics applications.
I. INTRODUCTION
The search for semiconductors exhibiting magnetism at room temperature has been long and unyielding. However, recently much progress has been made toward this goal 1, 2, 3, 4, 5, 6, 7 . By doping a host semiconductor material with transition metal ferromagnetic atoms, dilute ferromagnetic semiconductors have been produced with Curie temperatures (T c ) as high as 100 K 1 . Hall effect measurements below T c showed evidence for carriers being spin polarized raising hopes for spintronics applications. Specifically, metallic manganese (Mn) was doped into gallium arsenide (GaAs) whereby the carriers were strongly spin polarized 1 . We have previously reported the magnetic and dctransport properties of magnetic semiconductor films of TiO 2−δ , where δ indicates the degree of oxygen deficiency or defects in the film 8, 9, 10 . The Curie temperature, T c ≈ 880 K, was well above room temperature with a saturation magnetization, 4πM S ≈ 400 Gauss. Titanium dioxide, TiO 2 , is a well known wideband gap oxide semiconductor, belonging to the group IV-VI semiconductors, described in terms of an ionic model of Ti
4+
and O [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] 12, 13, 14, 15 . Its intriguing dielectric properties allow its use as a gate insulator material in the FieldEffect-Transistor (FET) 16 . Also, TiO 2 is characterized to be an n-type semiconductor with an energy gap varying in the range 3 volt < ∆ e < 9 volt depending on sample preparation 11, 12, 13, 14, 15 . Films of TiO 2−δ on substrates of (100) lanthanum aluminate (i.e. LaAlO 3 ) were deposited by a pulsed laser ablation deposition (PLD) technique at various oxygen chamber pressures ranging from 0.3 to 400 mtorr. The origin of the presence of Ti
2+
and Ti 3+ (as well as Ti 4+ ) ions was postulated as a result of the low oxygen chamber pressure during the films growth 9 . Oxygen defects gave rise to valence states of Ti 2+ and Ti 3+ (in the background of Ti 4+ ) whereby double exchange between these sites dominated. The same carriers involved in double exchange also gave rise to impurity donor levels accounting for the transport properties of the film. The dilute number of carriers were polarized in external applied magnetic field, yet the magnetic moment was still rather small 10 . For example, normal Hall resistivity was measured to be much bigger than the anomalous Hall resistivity 10 . In order to increase the anomalous contribution to the Hall effect and thereby increase the number of polarized carriers, we have fabricated a nano-granular (NG) metallic iron (Fe) in semiconducting TiO 2−δ matrix. The intent was to introduce a substantial magnetization component internally to the semiconductor TiO 2−δ .
The basic difference between our film composite and the previously reported magnetic semiconductors by others is that in our films the NG of metallic Fe co-exist in a metallic state, whereas magnetic semiconductors prepared by others the transition metal co-exists as metal oxides and often oxide clusters 4, 5, 6, 7 . This major difference is important in terms of the magnetic and transport properties of the magnetic semiconductor presently produced by us and that of others 4, 5, 6, 7 . For example, NG metallic Fe contains a significant higher moment and Curie temperature than any other transition metal oxides. Also, the presence of NG metallic Fe allows for the creation of a reservoir of conduction electrons in the conduction band and, therefore, holes in the TiO 2−δ matrix. As electrons from the conduction band of TiO 2−δ are thermally introduced into the metallic Fe conduction band, holes are created in TiO 2−δ much like in junctions of NG metal/semiconductor interfaces or in Metal Oxide Semiconductor (MOS) devices 17 . Conduction of holes occurs in the TiO 2−δ host. This mechanism gives rise to lower resistivity at high temperature in contrast to the pure TiO 2−δ reported earlier 9, 10 where the carriers were only electrons. No such mechanism is possible in magnetic semiconductors doped with transition metal oxides. We report here that in our composite films of NG metallic Fe in anatase TiO 2−δ the magnetization, 4πM S ≈ 3,100 Gauss (also ≈ 0.4µ B /Fe), at room temperature, T c above 800 K, the carriers are strongly spin polarized and the room temperature resistivity is lowered by a factor of ≈ 10 −3 relative to films of the undoped TiO 2−δ semiconductors previously produced 8, 9, 10 . Experimental results, discussions and concluding remarks follow.
II. EXPERIMENTAL RESULTS AND ANALYSIS
Thin films consisting of nano granular (NG) metallic Fe and TiO 2−δ were deposited by a pulsed laser ablation deposition (PLD) technique from binary targets of TiO 2 and metallic Fe on (100) LaAlO 3 substrates. Targets of TiO 2 and Fe were mounted on a target rotator driven by a servomotor and synchronized with the trigger of the pulsed excimer laser λ = 248 nm. In each deposition cycle, the ratio of laser pulses incident upon the TiO 2 target to those upon the Fe target was 6:1, this technique denoted as alternating targets-pulsed laser ablation deposition (AT-PLD) technique. The substrate temperature, laser energy density, and pulse repetition rate were maintained at 700 o C, ≈ 8.9 J/cm 2 , and 1 Hz, respectively. The deposition was carried out in a pure oxygen background of around 10 −5 torr in order to induce defects in the TiO 2 host. There were a total of 4,206 laser pulses (3,606 pulses on TiO 2 target and 600 pulses on Fe target) for each film resulting in a thickness of approximately 200 nm as measured by a Dek-Tek step profilometer.
Crystallographic and micrographic properties of the AT-PLD films were measured using x-ray diffractometry (XRD) and transmission electron microscopy (TEM). lic Fe spheres into host TiO 2−δ . Average atomic ratio of Fe/Ti ions of the AT-PLD films was obtained by energy dispersive x-ray spectroscopy (EDXS) within an ultra high resolution scanning electron microscope (UHR-SEM) column of Hitachi S-4800 that ≈ 6 ± 0.5% of Fe are possibly presented in the 1 × 1 cm 2 area of the films.
For steady currents and with the magnetic intensity H directed normal to the film, the resistance matrix R in the plane of the film may be written as
wherein ρ and ρ H represent, respectively, the normalresistivity and the Hall resistivity. A ρ as a function of temperature for the film was measured in an applied field of H = 0 Oe and shown in FIG.3 . We note that the value of ρ(T ) was quite small at high temperature. The ρ(T ) behavior for pure TiO 2−δ film 9 (solid line) is also shown in FIG.3 exhibiting a typical metal-insulator transition in the temperature range of 4 K and 300 K. In contrast to the ρ for pure TiO 2−δ , ρ for the composite NG metallic Fe and TiO 2−δ film is a factor of 1000 lower and is constant for temperatures between 225 K and 400 K. The temperature variations are of the characteristic form expected from metal semiconductor interfaces. The ρ value at 300 K was measured to be 183 µΩ − cm, and is about a factor of 20 larger than resistivity of pure Fe 22 . Presence of these unique transport properties in the NG metallic Fe spheres embedded in TiO 2−δ films have been modeled as coexisting electronic structures of both semiconducting TiO 2−δ and NG metallic Fe. We have modeled the mechanism for transport in this composite film in a sketch shown in FIG.(4) band. Since the Fermi energy in metallic Fe is about 4.6 eV above the conduction energy level it implies that the energy band gap (3 eV) of TiO 2−δ is degenerate with the iron conduction band. This means that the donor levels in TiO 2−δ are also degenerate, and thereby, electrons hopping between Ti 2+ and Ti 3+ sites would find a conduit into the metallic conduction band leaving behind holes in TiO 2−δ . Therefore, a small potential barrier must exist at the interface. This is illustrated schematically in FIG.4a. As noted in FIG.2 , the NG metallic Fe sphere particles are isolated or disconnected, implying that conduction in the TiO 2−δ is via hole conduction. This can be also explained by contact potential at the interface between NG metallic Fe sphere and anatase TiO 2−δ as described in Landau Lifshitz 21 . In order to remove electron trough the surface of a metallic Fe, work must be done thermodynamically. According to the reference 21 , Poisson's equation for potential Φ(x) along the x − axis normal to the interface between NG metallic Fe / TiO 2−δ implies wherein ̟ is defined to be dipole moment per unit contact area and V c is contact potential. The schematic of contact potential at the interface is shown in FIG.4b .
Electron conduction between metallic spheres may not be possible, see FIG.2 . In FIG.5 , Hall resistivity is plotted as a function of temperature that at high temperatures carriers are holes which also confirmed by Seebeck measurements. Furthermore, the number of carriers relative to pure TiO 2−δ has increased by factor 1,000 and the mass of holes is approximately about 10 times larger than the electron mass 10 . Also, in FIG.5 the carrier hole density p is plotted as a function of temperature. In order to calculate p, we employ
wherein R 0 and R S are the normal and anomalous Hall coefficients, respectively. In FIG.6 
The anomalous Hall effect is dominant at high temperatures (T > 250 K) and the second term in Eq. (4) normal to the film plane (out-of-plane measurement). The film can be fully saturated with a field of ≈ 6.6 kOe, since the coercive field was measured to be 2.0 kOe. Field cooled (FC) and zero-field-cooled (ZFC) M (H, T ) data in FIG.7 shows no difference which implies that no spin glass effects are present in the films. There are two sources for magnetism in this composite structure: (1) ferromagnetism in TiO 2−δ and (2) ferromagnetism in metallic Fe spheres. The ferromagnetism in TiO 2−δ is due to double exchange as calculated by us in a previous calculation and it gives rise to a relatively small saturation magnetization at room temperature (≈ 400 Gauss). Based on the data presented in FIG.2 , we estimate a sphere density of 0.125 to 0.25 × 10 18 spheres/cm 3 and sphere diameter between 10 and 15 nm. This implies that the loading factor of metallic Fe in the composite film is in the order of 0.05 to 0.25 which corresponds to 1,100 to 5,100 Gauss for the saturation magnetization of the composite. This compares with a measured value of 3,100 Gauss. We have measured the transverse magnetoresistivity, ρ(H), and Hall resistiv- 29, 30 However, if the shape of the particles embedded in the composite could be shaped into needles, it would imply spin polarization of carriers in external magnetic fields below 0.1 kOe which is ideally suited for spintronics applications.
In summary, magnetic and magneto-transport data for films of nano granular metallic Fe and oxygen defected TiO 2−δ are reported. The essence of this paper showed that conduction carriers of the films were strongly coupled to residual magnetic moments of metallic Fe grains in the nano composite structure. The dramatic reduction of normal resistivity (ρ(T )) of the films is a consequence of two factors: (1) oxygen defects in the TiO 2−δ host induced electron hopping; (2) electrons from the TiO 2−δ were introduced into the conduction band of Fe to create holes in TiO 2−δ similar to a Metal Oxide Semiconductor (MOS) structure. As a result the number of carriers increased at room temperature. The holes in TiO 2−δ were polarized due to the presence of ferromagnetic nano granular metallic Fe, where the carrier polarized density was measured to be near ≥ 3.0 × 10 22 /cm 3 . Therefore, spintronics and spin dependent memory applications can be based upon the results presented here.
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